Abstract Distribution of algae was studied in a series of water bodies ranging from 10 -2 to *10 9 m 2 in the lowland region of the Carpathian basin in a late summer period. It has been demonstrated that lake size has pronounced impact on the morphological and chemical properties of the water bodies, and acting through these variables it shapes the distribution of the various algal groups in the water bodies of different sizes. Changes of the relative abundance of the various algal groups along the spatial scale showed four apparently distinct patterns. We found increasing relative abundance of heterocytic cyanobacteria, dinoflagellates and those taxa which have no capability of active locomotion and are characterised by high sinking rate in the large water bodies. The flagellated algae (Chlamydomonas spp., euglenophytes, Synura spp.) and the tichoplanktonic elements were characteristic for small-sized water bodies. Most of the chrysophytes and several other flagellated taxa showed hump-shaped distribution along the size scale of water bodies. The group of large colonial flagellated chlorophytes, non-heterocytic filamentous cyanobacteria and filamentous chlorophytes occasionally occurred in high relative abundance both in small and large-sized water bodies. Our findings suggest that water body size has pronounced impact on the composition of algal assemblages.
Introduction
Ecosystems are organised along several scales such as space, time, energy or matter (Lemke, 2000) . Variation and interaction of these scales result in the high diversity of lake ecosystems. It has been demonstrated in recent years that size does matter: it has important implications for the structure and functioning of the lake ecosystems (Winslow et al., 2014) . Lake size has an effect on the nutrient status (Guildford et al., 1994) and photosynthesis (Fee et al., 1992) of phytoplankton, determines the food-chain length (Post et al., 2000) and also affects fish population and macrophyte abundance in lakes (Søndergaard et al., 2005; Scheffer & van Nes, 2007) . Considerable attention has recently been given in the limnological literature to habitat size as the major determinant for species richness, but relatively few studies attempted to describe this relationship for planktonic algae (Smith et al., 2005; Søndergaard et al., 2005; Stomp et al., 2011) . Although it seems also to be an interesting theme, none of the studies addressed specifically the question of whether algae are equally distributed in the various sizes of habitats, or the various groups prefer different sizes of the water bodies.
Planktonic algae inhabit all aquatic habitats where the hydraulic residence time is long enough for them to proliferate and sustain viable populations. If nutrient and energy demands of algae are satisfied, biological processes and physical constraints of the environment determine which are those distinctive traits of planktonic algae that make some groups successful in the given water body.
Most freshwater phytoplankters have an excess density compared to the surrounding water they live in, thus they have a natural tendency to sink downwards in undisturbed waters (Smayda, 1970) . Mixing regime of the lakes, therefore, basically determines which taxa will constitute prevailing phytoplankton assemblages in the euphotic layers of lakes. Frequency, intensity and depth of mixing, however, are not independent of the size of the lakes. The larger the lake is the longer the fetch, and consequently, greater the turbulent kinetic energy which results in deeper mixing of the water column. The well-mixed water column provides suitable habitat for various phytoplankters independently of their sinking properties. In contrast, in small wind-sheltered lakes only those algae can remain in the shallow mixed layers, which (by having flagella or low density intracellular ingredients) can control their vertical position in the water column. Since the environmental conditions act to filter traits rather than species (Keddy, 1992) , the question of whether the various planktonic algae prefer different habitat sizes can be studied at the level of functional groups and not on the level of species.
Our aim was to study the functional composition of phytoplankton in pools and ponds of various sizes, focusing on the question of whether the various functional groups of algae prefer a certain habitat size or their distribution is independent of the spatial dimensions of the water bodies. Since previous studies imply that the relationship between area and phytoplankton species richness should be relevant if very large size scales are considered, it is reasonable to suppose that size preference of algae could also be studied, if regarding their size there are several orders of magnitude differences between the smallest and the largest water bodies involved in the analyses.
Our hypothesis was that similarly to macroscopic taxa, the various groups of algae have different preferences concerning the sizes of water bodies they occur in. We also hypothesised that algae without active buoyancy regulations cannot dominate in the lowest size range of the standing waters.
Materials and methods

Site selection
Distribution of planktonic algae is influenced by differences in trophic conditions, altitude, latitude and other characteristics of the water bodies. To avoid biases caused by the differences in these factors, we selected ponds and pools of various sizes and of similar hydromorphological and trophic characteristics in the Hortobágy Puszta (Hortobágy National Park (47°27 0 00.36 00 N and 20°59 0 44.09 00 E), where an extended grassland was used as bombing range between 1940 and 1990. The air to ground bombing resulted in an aquatic archipelago with more than 5000 bomb crater ponds of 10 0 -10 2 m 2 surface area. The craters are filled with ground water and in humid years with water of the neighbouring marshland (Kunkápolnás). Since the bombing has finished, pasturage started again in the proximity of the shooting range and resulted in small (10 -2 -10 -1 m 2 ) water bodies in the footprints of animals. In the middle of the bombing range, five water bodies were selected along a northsouth transect from each size categories (in the range of 10 -2 -10 2 m 2 ). To increase the size scale of the systems to be analysed, data of larger ponds of the region and data of two large lakes (Lake Velencei and Lake Balaton) were also considered. Thus, there were 64 water bodies (218 samples) involved into the analyses. The covered size range spanned from 10 -2 to *10 9 m 2 .
Sampling and identification of phytoplankton taxa During phytoplankton succession, considerable changes in species composition can be expected. Because of the physical disturbances entering the lakes, the species composition of the phytoplankton is not predictable, even at a local level. However, in Hungary frequency of disturbances is the lowest in late summer ; therefore, in this period of the year, development of characteristic equilibrium assemblages is expected. We thus focused our attention exclusively on this period. Surface samples were collected from the centre of the pools and bomb crater ponds in September 2011. Phytoplankton samples (200 ml) were fixed with formaldehyde solution (final concentration 4%) on the spot and stored at 4°C until analyses. In case of larger ponds and lakes, phytoplankton monitoring data from the Hungarian water authorities were used. Only data of the late summer period were considered.
Morphometric variables
To estimate the size of small pools and crater ponds, diameters of the water bodies were measured with tape measure. Depth of these water bodies was measured in the field with a stick and a ruler. Surface area and depth data for the larger ponds and lakes were provided by the National Hydrological Database. The shoreline lengths of the lakes were measured on the Google Earth images of the lakes using the ruler tool. In case of the small circular pools, perimeter data were calculated by the radius. Volume of the water bodies was calculated as the product of lake area and mean depth. To reflect the littoral effect, index of basin permanence (IBP; Kerekes, 1977) was calculated as the ratio of basin volume to shoreline length. Most of the water bodies involved in this study virtually behave as closed basins as either they have no outflow or the ratio of inflow/outflow is very small. In case of the lake Balaton the residence time is approximately 5 years (Tátrai et al., 2008) , the flushing rate has no effect on the composition of phytoplankton.
Microscopic analyses
Depending on the cell number and the transparency, subsamples were sedimented in 1 or 5 ccm counting chambers. Taxonomic composition of phytoplankton and relative abundance of algal taxa were determined with a (ZEISS Axiovert-40 CFL) inverted microscope. A minimum of 400 algal units (cells or colonies) were counted along transects in each sample at 400-fold magnifications. To investigate the relative abundance of the rare, large-sized taxa area of the whole counting chamber was investigated at 100-fold magnification.
Physical and chemical variables
The specific electrical conductivity (Cond.) was determined using WTW LF539 conductivity metre. WTW pH 539 glass electrode was used to measure pH. Water temperature was measured by the same instrument. Both pH and Cond. were temperature corrected (20°C). Total phosphorus was measured as PO 4 by colorimetry after digestion with sulphuric acid. Samples were kept at 4°C in darkness until the start of measurements.
Statistical analyses
Because of the large number of the observed taxa in the samples (730), all species were assigned to functional groups proposed by Reynolds et al. (2002) , Padisák et al. (2009) and Borics et al. (2007) . A correspondence analysis ordination (CCA) was used to relate functional group distributions to each of the morphological, physical and chemical variables (Ter Braak, 1986) . To check the suitability of a canonical correspondence analysis (CCA), we measured gradient length at first by detrended correspondence analysis (DCA). Since the gradient was 4.6 SD units long, linear method (RDA) was not appropriate. The CCA permits one to summarise data such that it is maximally correlated to environmental variation (Ter Braak, 1986) . A Monte Carlo permutation test was used to assess the significance of the CCA gradients, their importance being measured by the eigenvalues of the first two axes (Ter Braak & Verdonschot, 1995) . For the estimation of the area requirement of the various algal groups, General Additive Model (GAM, Hastie & Tibshirani, 1990) was used. The GAM algorithm selects the best shape of given complexity (defined by degree of freedom) using the Akaike information criterion (AIC). In our model, the quasi-Poisson distribution and the canonical log link-function were used by the CANOCO 5 package (Ter Braak & Smilauer, 2002) .
Results
All water bodies were alkaline and characterised by high conductivity and TP values (Fig. 1 ). Strong linear relationship was found between the log area and depth and log area and log IBP scores. The relationship was negative in case of TP and Cond., while pH showed no relationship with log area (Fig. 1) .
The results of the partial CCA and the correlation structure between phytoplankton community and lake morphology variables are presented in Fig. 2a . The eigenvalues for the first and second axes were 0.144 and 0.0398, respectively. The variable that highly correlated with axis 1 was log Area (r 2 = -0.55, P \ 0.001) and log Depth with axes 2 (r 2 = 0.3283, P \ 0.001). Partial variation was 8.02, and explanatory variables account for 2.3% (adjusted explained variation is 1.4%). The correlation structure between phytoplankton community and chemical variables is presented in Fig. 2b . The eigenvalues for the first, second and third axes were 0.1373, 0.0728 and 0.0517, respectively. The variable that highly correlated with axis 1 was pH (r 2 = 0.42, P \ 0.001) and log Cond. with axes 2 (r 2 = 0.46, P \ 0.001). Partial variation was 8.104, and explanatory variables account for 3.2% (adjusted explained variation is 1.9%).
Partial CCA was used to extract the variation in phytoplankton community based on the functional groups' abundance by each of the two sets of explanatory variables (lake morphology and chemical data) without the effect of the other, as well as the variation shared by these two explanatory variables. Lake morphology and chemical variables explained 29.2 and 30.9% of the variation of in phytoplankton community, whereas the variation shared was 39.9% from the total explained variation.
The GAM revealed that relative abundance of the groups along the spatial scale showed four distinct patterns: (a) increasing, (b) decreasing, (c) unimodal and (d) ''no relationship'' (Table 1) ) size range (Fig. 3a) . Their relative abundance increased towards the larger water bodies ([10 2 m 2 ). An opposite, decreasing tendency was found in case of tichoplanktonic taxa (TC, TD, MP), and some large-sized flagellated organisms, e.g. euglenophytes (W1, W2), Synura spp. (WS) and Chlamydomonas spp. (X2) which preferred smaller water bodies (Fig. 3b) . Distribution of small chlorococcaleans (X1), Chrysococcus (X3), Aphanocapsa and Cyanogranis (K) showed unimodal patterns (Fig. 3c ). There were several groups viz.: Dinobryon spp. (E), Uroglena sp. (U), filamentous green algae from the Klebsormidiales order (T), cryptophytes (Y), non-heterocytic filamentous cyanobacteria (S1, S2), Phacotus sp. (YPh), Gonyostomum semen (Q), colonial flagellated green algae (G) purple sulphur bacteria (V) and Synechococcus spp. (Z), which either showed no affinity to any lake size categories, or if they showed some of the three patterns, because of the low number of occurrences, the relationship was not significant.
The grey area in Fig. 3 covers that part of the size scale where elements of the three patterns might occasionally achieve high relative abundance. At this range of the scale (10,000-100,000 m 2 ), ponds of couple of hectares can be found. This result implies that in this water bodies occasionally any functional groups of algae can dominate the phytoplankton.
Discussion
Lake size acts both directly and indirectly on the species composition of water bodies. The larger the lake is the greater the possibility of arrival of new invaders and the possibility of maintaining stable populations. Besides these direct effects, lake size has pronounced impact on various other processes and key components of the environment. Index of basin permanence (Kerekes, 1977) must be one of the most important variables, which is affected directly by the lake size, because this reflects the strength of the so-called perimeter-related processes, such as dissolution of nutrients and other inorganic and organic compounds to water from the soil, or the allochthonous input from the surrounding terrestrial landscape. In accordance with these theoretical considerations, we found that lake size has pronounced impact on most of the other hydromorphological features of the water bodies and on the chemical variables. We of course cannot argue that distribution of the variables observed along the spatial scale in this study is of general validity. For example, as to the nutrients, there can be considerable differences between the water bodies depending on the climate and type of bedrock material. While all the pools and ponds in this study were hypertrophic, Meier & Soininen (2014) demonstrated that based on their nutrient contents the small subarctic rock pools are mostly oligotrophic. Similar differences might also be found in case of other chemical variables.
The size of the water bodies also influences the extent and/or intensity of several crucial physical constraints like fetch length, (lake volume), surface to shoreline ratio, which however, directly influence the mixing regime, the allochthonous nutrient load of lakes or the concentration of suspended material, and thus, the light climate. Most of the relevant variables (light, temperature, nutrients and currents) can change at 10 0 -10 1 m scale vertically and, in some cases horizontally (Borics et al., 2011) . These size-related physical constraints also have a direct effect on the occurrence of algae in limnetic ecosystems.
The strong negative relationship between water body size and TP might suggest that the size acts through the concentration of phosphorus. To avoid this kind of misinterpretation of our results, the following should be considered. The role of nutrients, especially the phosphorus on the biomass of phytoplankton has been studied extensively in the recent decades. Analysis of large datasets revealed that biomass shows an increasing tendency up to 100 lg l -1 TP value, and in the range above this concentration the relationship is asymptotic (Phillips et al., 2008) . Similar results were obtained when the relationship was investigated at level of the various algal groups (Watson et al., 1997) . Although there were differences in the steepness of the various response curves of the different algal groups at the TP \ 100 lg l -1 range, at higher (TP [ 100 lg l ) range. Therefore, inclusion of this variable in the model would lead to serious misinterpretation of results. This is clearly illustrated by the distribution of bloom-forming cyanobacteria (H1, Sn, M) in Fig. 3a . These groups are known to show increasing biomass with TP even in the eutrophic range (Watson et al., 1997) . In our dataset, these groups dominated at the largest water bodies, which were characterised by the lowest TP values and decreased towards the smaller water bodies in which the highest TP values were measured (Fig. 1) . We cannot say that all phytoplankters perform equally in the hypertrophic range, but we think that differences in the dominance structure are strongly associated to sizerelated physical and biological processes.
There are several physical characteristics of the water bodies which require a minimum spatial extent. Development of well-mixed water column needs relatively large fetch length even in case of shallow lakes. Algae with high sinking rates (diatoms, chlorococcaleans and desmids) prefer well-mixed water columns where turbulences keep them in the photic layer (Reynolds, 2006) . In accordance with this view, ). Functional groups of algae are represented as circles and codes taxa from A, B, C, D, J, F and N functional groups were missing from small well-sheltered ponds.
Vertical stratification of lake is primarily a depthdependent feature, but the development of vertically layered water column can also develop in shallow but well-sheltered small water bodies (Padisák & Reynolds, 2003; Borics et al., 2011) . Typical representatives of this type are the oxbows which were in high number in our database in the 10 5 -10 6 m 2 size range. In these systems, those algae can be successful that are capable of active locomotion and can migrate vertically to avoid photoinhibition or to select the layer which is optimal for their photosynthesis (Whittington et al., 2000; Grigorszky et al., 2003) . Dinoflagellates (Lo) and bloom-forming cyanobacteria (H1, Sn, M) frequently dominate these water bodies (Krasznai et al., 2010) . (Padisák et al., 2015) ; however, success of these newcomers is higher under postdisturbance conditions (Reynolds, 2012) . The smaller the habitat, the greater the possibility of disturbances that may enter the systems; therefore, the dynamic balance which exists between the r-selected pioneer assemblages and habitat specialists frequently shifts in favour of the former groups. Although in the small habitats dominance of rapidly growing small-celled nanoplanktic species is expected, due to the stable late summer conditions besides the chlamydomonads large-sized euglenophytes characterised the plankton of the small water bodies. In case of small water bodies, the ratio of surface of the lake to the lake volume is considerably higher than in case of large lakes (Wetzel, 2001) , and thus the ratio of benthic habitats is high in these waters. Chlamydomonas spp. (X2) and euglenophytes (W1, W2) are adapted to the small-scale spatial heterogeneity of the environment (Zakrys et al., 2004) . Species of these groups migrating between the epipelon and the water column make the best of these habitats (Poulicková et al., 2008) . Besides the above-mentioned three functional groups, the large ratio of benthic habitats resulted the larger relative abundance of benthic algae (TC, TD, MP) in pools and small ponds.
The common feature of those algae that were characterised by hump-shaped distribution is the small size. These groups were characteristic for the wellsheltered oxbows in the 10 5 -10 6 m 2 size range. It is reasonable to suppose that these algae do not prefer this size of water bodies. Instead, they are simply outcompeted by other better performing species both in smaller and larger water bodies.
The fact that several groups showed no lake-size preference suggests that algae considered truly planktic organisms occasionally survive and proliferate in benthic environments . Having both benthic and planktonic life forms are quite characteristic for cyanobacteria (Komarek, 2013) .
Regarding the functional classification of algae, there are various approaches. Some systems define more than 30 groups (Reynolds et al., 2002; Salmaso & Padisák, 2007) , while other systems apply only a few categories for the planktonic algae (Kruk et al., 2010) . Our results suggest that over-emphasising of simple morphological characteristics of algae may lead to an oversimplified system which is not suitable to interpret ecological processes. For example, the group of large flagellated algae proposed by Kruk et al. (2010) cannot be considered homogeneous regarding their spatial affinity. Compared to dinoflagellates, ) and the relative abundance of those functional groups of algae which showed increasing (a), decreasing (b) tendency and (c) humpshaped relationship with the area. Regression lines fitted by GAM which prefer large water bodies, the other representatives of large flagellates, e.g. euglenophytes, Chlamydomonas spp. or Synura sp. occurred in smaller habitats.
The grey column in Fig. 3 covers the size range of water bodies in which theoretically any of the groups can dominate the phytoplankton. Since most of the freshwater studies cover this part of the size range, the area preference of algae does not have significant impact on the dominance patterns, and thus in this size range this issue can be omitted.
In terrestrial ecology, the term ''area sensitive taxa'' refer to those species that are frequently absent from small landscape fragments (Herkert, 1994) . Our results suggest that in case of algae, area preference refers to three distinct patterns. Some algae prefer large, others small or middle-sized habitats.
Here we demonstrated that size has pronounced impact on the dominance of phytoplankton groups. We showed that compositional responses of phytoplankton to size of the standing waters can be predicted at the level of functional groups of algae. We know that neither all possible distribution patterns can be shown, nor all explanations can be provided within a single study, but we think that our results will encourage further researches on this interesting part of phytoplankton ecology.
